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Abstract 

Bulk  grown  III-V  ternary  semiconductors  of  Ino.osGao.92Sb  and  Ino.15Gao.85As  were  investigated 
through  Hall-effect  and  photoluminescence  measurements  to  determine  carrier  concentration, 
mobility,  sheet  resistivity,  and  luminescence  spectrum.  In  the  past,  epitaxial  layers  of  ternary 
compounds  have  been  grown  on  binary  compound  substrates,  and  thus  very  limited  lattice 
matched  ternary  alloys  were  available.  Recently,  bulk  grown  ternary  substrates  have  been 
developed,  and  it  has  presented  a  renewed  interest  in  using  these  substrates  to  grow  high  quality 
ternary  compounds  for  use  in  many  next  generation  optoelectronic  devices.  The  results  of 
photoluminescence  (PL)  study  for  the  Ino.15Gao.85Sb  sample  show  the  exciton  bound  to  neutral 
acceptor  (A°,X)  transition  peak  at  675  meV  along  with  a  donor-shallow  acceptor  pair  transition 
peak  at  650  meV,  and  the  donor-deep  acceptor  pair  transition  peak  at  628  meV.  The  Hall-effect 
measurements  show  that  this  sample  is  an  n-type  material  with  carrier  concentration  of  about 
4x10  /cm  and  mobility  of  about  300  cm  /Vs  at  room  temperature.  The  Ino.80Gao.20 As  sample  is 
also  an  n-type  material  with  a  carrier  concentration  of  1.34xl016/cm3  and  a  mobility  of  9,670 
cm  /Vs  at  room  temperature.  The  PL  result  of  this  sample  shows  a  broad  band  to  band  peak  at 
572  meV.  The  PL  taken  at  different  positions  of  the  sample  show  different  band  to  band  peak 
positions  for  the  Ino.80Gao.20As  sample,  indicating  a  slight  inhomogeneity  in  Ga  concentration, 
while  the  PL  observed  from  the  Ino.15Gao.85Sb  sample  shows  position  independent.  Although  the 
current  bulk  grown  ternary  alloy  materials  may  not  be  as  great  yet  as  we  hope  for  a  direct  use  in 
next  generation  optoelectronic  devices,  it  will  provide  suitable  substrates  for  which  to  grow 
epitaxial  layers. 
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INVESTIGATION  OF  ELECTRICAL  AND  OPTICAL  PROPERTIES  OF  BULK  III-V 

TERNARY  SEMICONDUCTORS 


I.  Introduction 


Background 

Epitaxial  layers  of  ternary  compounds  have  historically  been  grown  on  lattice 
mismatched  binary  compound  substrates.  This  lattice  mismatch  limited  the  ability  to  extend  the 
range  of  the  mole  fraction  to  higher  values  which,  in  turn,  limited  the  ability  to  create  compounds 
with  specific  band  gap  energies.  With  regards  to  this  study,  the  indium  mole  fraction  of 
InxGai_xSb  and  InxGai_xAs  has  been  limited  to  the  low  end  of  the  mole  fraction  range.  The 
biaxial  strain  caused  by  lattice  mismatching  results  in  changes  in  the  compounds  band  gaps, 
conduction  band  effective  masses,  and  the  valence  band  structure.  [1]  The  thickness  of  epilayer 
growth  on  lattice  mismatched  substrates  depends  entirely  on  the  percent  of  mismatch.  As  an 
approximation,  a  misfit  of  1%  can  only  yield  an  epilayer  thickness  of  a  few  hundred  angstroms. 
[1]  In  the  case  of  InxGai_xAs,  the  lattice  constant  can  change  as  much  as  7.2%  as  the  indium 
mole  fraction  increases  from  0  to  x=l.  [2-4]  The  effects  of  lattice  mismatching  can  be  severe 
and  may  have  such  a  large  effect  on  the  compound  that  it  is  rendered  useless.  Fig.  1  shows  a 
schematic  representation  of  strained  layer  epitaxy  while  Fig.  2  shows  an  example  of  misfit 
locations  caused  by  such  strain  in  Ino.3Gao.7As  grown  on  GaAs.  Recently,  bulk  grown  ternary 
substrates  have  been  developed  which  has  presented  a  renewed  interest  in  using  these  substrates 
to  grow  high  quality  ternary  compounds  for  use  in  many  next  generation  optoelectronic  devices. 
In  the  case  of  InxGai_xSb,  the  band  gap  ranges  from  726  to  170  meV  as  the  indium  mole 
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Figure  1.  Schematic  representation  illustrating  the  negative  effects  of  a  strained  lattice  caused  from  epitaxial 
layers  grown  on  a  lattice  mismatched  substrate.  [5] 


Figure  2.  Cross-section  transmission  electron  micrograph  (TEM)  showing  an  interfacial  dislocation  network 
caused  by  strain  from  a  lattice  mismatch  in  molecular  beam  epitaxial  growth  of  In03Ga07As  on  GaAs  (f=2%). 

[i] 
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fraction  varies  from  0  to  1 .  Therefore,  devices  utilizing  this  material  could  operate  in  the  mid 
infrared  (IR).  The  band  gap  range  for  InxGai_xAs  is  1,424  to  360  meV  as  the  indium  mole 
fraction  varies  from  0  to  1,  also  making  it  a  candidate  for  IR  devices.  [1]  Their  high  electron 
mobility,  typically  around  33,000  cm  /Vs  at  room  temperature,  will  enable  them  to  take  high 
frequency  and  high  speed  devices  to  the  next  level.  [6]  The  wavelengths  in  which  these  devices 
operate  make  them  ideal  candidates  as  lasers  for  optical  fiber  communication.  Such  lasers  have 
not  been  constructed  due  to  the  fact  that  the  lattice  mismatch  between  the  ternary  material  with 
the  desired  indium  mole  fraction  and  the  substrate  prevents  the  minimum  thickness  from  being 
attained.  [7]  Many  devices,  such  as  optical  amplifiers,  superluminescent  diodes,  optoelectronic 
integrated  circuits,  IR  diodes  and  detectors,  field  effect  transistors,  and  microwave  devices, 
would  benefit  from  the  ability  to  produce  improved  crystal  quality  material,  grown  either  as  bulk 
or  epilayers,  with  a  thickness  that  can  be  used  in  a  production  environment.  [6-22]  Providing 
quality  bulk  material  in  which  to  grow  epilayers  of  theoretically  unlimited  thickness  will  enable 
these  materials  to  be  produced  quicker  and  at  a  much  lower  cost.  In  addition,  it  may  be  possible 
that  these  bulk  grown  substrates  are  of  high  enough  quality  that  they  can  be  directly  utilized  for 
such  applications.  For  instance,  bulk  material  is  actually  desired  for  tunable  lasers, 
semiconductor  optical  amplifiers,  and  superluminescent  diodes  which  require  very  flat  and  wide 
gain  spectrums.  [8]  In  either  case,  whether  using  the  bulk  material  for  direct  applications  or  as  a 
substrate  for  growing  previously  unattainable  thicknesses  of  epilayer  material,  these  bulk  ternary 
semiconductors  will  lead  the  way  in  the  next  generation  of  devices. 

Research  Objectives 

Photoluminescence  data  as  a  function  of  temperature,  laser  intensity,  and  sample  position 
will  be  used  to  investigate  residual  impurities  and  defects  in  bulk  grown  InxGai_xSb  and 
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InxGai_xAs  alloys,  as  well  as  exploring  the  compositional  homogeneity.  The  samples  used  in  this 
study  were  grown  via  the  multi-component  zone  melting  growth  method.  By  studying  the 
luminescence  spectra,  the  band  structure  of  each  material  will  be  revealed,  to  include  the  energy 
band  gap  and  any  other  recombination  transitions  that  may  occur.  In  addition,  characterization 
of  various  electrical  properties  as  a  function  of  temperature  will  be  investigated  through  Hall 
effect  measurements.  The  conductivity,  carrier  concentration,  and  mobility  obtained  from  Hall 
effect  measurements  are  key  parameters  in  which  all  semiconductor  materials  are  measured.  The 
quality  and  performance  of  a  semiconductor  material  is  evaluated  with  these  parameters. 

Limitations 

The  samples  used  for  photoluminescence  measurements  had  energy  band  gaps  of  680  and 
572  meV  which  is  in  the  wavelength  range  where  there  is  a  high  probability  of  being  affected  by 
atmospheric  absorption.  It  can  be  seen  from  the  atmospheric  absorption  spectrum,  shown  in  Fig. 
3,  that  water  and  carbon  dioxide  block  absorption  in  the  1 .7  to  2.0  pm  range.  To  account  for 
this,  the  photon  path  from  the  sample  chamber  window  through  the  spectrometer  was  purged 
with  nitrogen  gas.  These  extra  precautions  to  seal  the  photon  path  allowed  for  the  assumption 
that  the  entire  photon  path  was  free  from  atmospheric  effects. 


Figure  3.  Atmospheric  absorption  from  0.5  to  4.0  pm  for  infrared  wavelengths  (wavelength  units  are  in  pm). 
[23] 
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The  measurement  of  the  laser  power  was  not  precise.  The  sensor’s  power  reading 
fluctuates  approximately  50  mW,  and  does  not  settle  on  an  exact  number.  In  order  to  minimize 
this  error,  the  sensor  was  placed  in  front  of  the  laser  path  and  allowed  to  settle  for  one  minute 
before  approximating  the  laser  power.  This  provided  a  consistent  method  to  measure  the  power. 
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II.  Literature  Review 


Relevant  Research 

Electrical  Characterization 

There  has  been  a  significant  amount  of  research  conducted  on  InxGai_xSb  epilayer  grown 
material.  Wooley  and  Gillett  conducted  research  on  the  electrical  properties  of  InxGai_xSb  solid 
ingots  prepared  by  slow  freezing  techniques  of  various  indium  compositions.  Their  research 
found  the  indium  rich  samples  had  a  smooth  variation  of  each  parameter  that  was  studied.  In 
their  study,  they  found  the  conductivity  of  Ino.24Gao.75Sb  varied  from  100  ohm"1  cm"1  at  670  K  to 
5  ohm"1  cm"1  at  300  K.  As  temperature  dipped  below  300  K,  the  conductivity  rose  slightly  before 
beginning  to  decrease  again  at  180  K.  By  the  time  it  reached  liquid  nitrogen  temperatures  it  was 
back  down  to  approximately  5  ohm"1  cm"1.  [24]  Magno  et  al.  studied  epilayer  Ino.27Gao.73Sb 
grown  by  molecular  beam  epitaxy  and  found  the  n-type  samples  to  have  carrier  concentration  of 
9X1016  cm"3  and  mobility  of  1 1><103  cm2/V-s  at  room  temperature.  [25]  Gao  et  al.  studied  single 
crystals  with  high  indium  mole  fractions  of  0.77  grown  by  a  new  growth  technique,  melt  epitaxy, 
and  found  a  high  electron  mobility  of  8.05x104  cm2/V-s  and  low  carrier  density  of  1.70x1015  cm" 
at  77  K.  They  also  found  the  conductivity  of  the  material  at  77  K  was  21 .9  ohm"  cm"  .  They 
concluded  that  these  values  are  indicative  of  high  purity  material.  [17]  It  will  be  useful  to 
compare  these  values  with  the  values  obtained  for  the  Ino.15Gao.85Sb  bulk  grown  samples  used  in 
this  study  to  determine  the  crystalline  quality  of  the  material. 

Like  InxGai_xSb,  epilayer  grown  InxGai_xAs  has  also  been  researched  in  the  past. 
Goldberg  and  Schmidt  found  the  electron  mobility  at  300  K  to  be  12x10  cm  /V-s  for  epilayer 
Ino.47Gao.53 As.  They  also  determined  the  electron  mobility  for  InxGai_xAs  at  300  K  can  be 
predicted  with  the  following  equation  [26], 


6 


(2.1) 


(40  -  80.7(x  - 1)  +  49.2(x  - 1)2)  •  103  — 

Vs 

Lideikis  et  al.  found  the  electron  mobility  of  p-type  Ino.53Gao.47As  to  be  approximately  2,100 
cm  /V-s,  an  increase  of  400  cm  /V-s  over  similarly  grown  material  with  an  indium  mole  fraction 
of  0.16.  [10]  Thobel  et  al.  also  found  that  electron  mobility  increases  with  an  increase  in  indium 
mole  fraction  from  about  0.82x  104  cm2/V -s  at  x=0  to  approximately  1 . 1  x  104  cm2/V -s  at  x=0.5. 
[27]  Their  desire  to  have  InxGai_xAs  with  higher  indium  mole  fractions  was  limited  by  the 
epilayer  thickness  that  can  be  obtained  due  to  the  lattice  mismatch  with  the  GaAs  substrate. 
Oliver  et  al.  found  the  electron  mobility  at  300  K  for  an  Ino.47Gao.53As  sample  was  1.38x104 
cm  /V-s  which  had  a  carrier  concentration  of  2x10  cm'  .  [14]  They  also  took  measurements  at 
liquid  nitrogen  temperature  and  found  the  electron  mobility  increased  to  7.00x10  cm  /V-s,  as 
did  the  carrier  concentration  to  3.5X1014  cm"3.  [14] 

Optical  Characterization 

Optical  characterization  has  also  been  accomplished  on  epilayer  grown  InxGai_xSb. 

Vankova  et  al.  conducted  photoluminescence  measurements  on  metalorganic  vapour  phase 

epitaxial  grown  (MOVPE)  InxGai_xSb  with  indium  mole  fractions  less  than  0.06.  [28]  They 

observed  that  GaSb  and  InxGai_xSb  had  similar  temperature  and  laser  power  dependence  with 

respect  to  the  highest  energy  transitions.  The  same  similarities  were  observed  between  the 

bound  exciton  recombination  at  801  meV  in  GaSb  and  InxGai_xSb’s  lower  energy  line.  [28] 

Their  work  identifies  excitons  bound  to  native  acceptors,  recombination  of  a  free  electron  at  the 

native  acceptor,  donor  bound  excitons,  the  band-to-band  transition,  as  well  as  other  acceptor 

related  transitions  that  occur  in  the  photoluminescence  spectra  of  GaSb,  In0.01Ga0.99Sb, 

Ino.oi5Gao.985Sb,  Ino.02Gao.98Sb,  Ino.o25Gao.975Sb,  and  Ino.o35Gao.965Sb.  Glaser  et  al.  conducted  low 

temperature  photoluminescence  on  Ino.27Gao.73Sb  in  order  to  determine  the  crystalline  quality  and 
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band  gap  energy.  They  reported  a  peak  energy  of  560  meV  at  1.6  K.  [20]  Matsuura  et  al.  used 
electrical  property  studies  to  determine  band  diagram  characteristics  for  p-type  Ino.2Gao.8Sb. 

They  identified  two  acceptor  levels  at  Ev  +  25  meV  and  Ev  +  86  meV,  where  Ev  is  the  valence 
band  maximum.  [29]  Bignazzi  et  al.  discovered  a  longitudinal  optical  (LO)  phonon  replica  for 
the  777  meV  donor-acceptor  pair  peak  located  33  meV  away  at  744  meV.  [19] 

Optical  characterization  research  has  also  been  conducted  on  epilayer  grown  InxGai_xAs, 
as  well  as  InAs  epilayers.  Fang  et  al.  conducted  work  on  InAs  epilayers.  They  observed  a  band 
to  band  emission  located  at  415  meV  at  10  K.  [30]  They  also  determined  the  difference  between 
the  bound  exciton  and  electron-hole  recombination  peaks  was  approximately  3  meV.  [30]  Mirin 
et  al.  studied  high  quality  Ino.3Gao.7As  quantum  dots  grown  by  molecular  beam  epitaxy  on  GaAs 
and  found  them  to  have  room  temperature  band-to-band  peak  at  950  meV  with  a  FWHM  of  only 
28  meV.  [7]  The  FWHM  narrows  to  a  value  of  26  meV  at  230  K  before  increasing  until 
saturation  to  33  meV  at  140  K.  [7] 

In  addition  to  the  research  work  already  noted,  transmission  measurements  were 
previously  taken  on  the  samples  used  in  this  study.  Dr.  Shekhar  Guha  and  his  team  at  the  Air 
Force  Research  Laboratory  at  Wright-Patterson  Air  Force  Base,  determined  the  band  gap  energy 
for  the  Ino.15Gao.85Sb  sample  to  be  approximately  670  meV.  They  also  determined  the  band  gap 
energy  of  the  Ino.80Gao.20As  to  be  approximately  680  meV. 

Summary 

Research  on  bulk  grown  III-V  ternary  semiconductor  materials  has  not  yet  matured. 

Most  of  the  research  no  InxGai_xSb  and  InxGai_xAs  ternary  materials  has  focused  on  epilayer 
grown  material.  However,  similar  trends  in  conductivity,  mobility,  carrier  concentration,  and 
radiative  recombinations  observed  in  epilayer  material  should  also  be  found  in  bulk  grown 
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material.  This  will  aid  in  determining  the  consistency  of  the  data  as  well  as  the  crystalline 
quality  of  the  bulk  material. 
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III.  Experiments 


Theory  on  Electrical  Measurements 

Hall  effect  measurements  are  used  as  a  convenient  method  to  determine  the  mobility  and 
carrier  concentration  of  semiconductor  materials.  These  properties,  along  with  the  resistivity, 
will  determine  how  well  the  semiconductor  material  will  perform  when  used  as  an  electronic 
device.  Fig.  4  illustrates  the  sample  geometry  for  measuring  the  Hall  Voltage  where  Vh  is  the 
Hall  voltage,  vh,  where  B  is  the  applied  magnetic  field,  I  is  the  applied  current,  and  Vd  is  the  drift 
velocity.  The  samples  used  in  this  study  were  of  arbitrary  shape,  the  Van  der  Pauw  method  was 
used  to  conduct  the  Hall  measurements.  The  Van  der  Pauw  method  does  not  require  a  square 
samples  as  depicted  in  Fig.  4.  However,  the  indium  contacts  must  be  placed  on  the  periphery  of 
the  sample  in  order  to  minimize  edge  effects.  The  Hall  measurement  system  used  in  this  study 
also  required  the  samples  to  have  a  thickness  of  no  more  than  1 5  times  the  shortest  length  of  any 
side  and  be  simply  connected.  When  a  magnetic  field  is  applied  perpendicular  to  the  sample 


Figure  4.  Geometry  in  which  Hall  effect  measurements  are  taken. 
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surface  and  current  is  passed  through  the  sample,  the  electrons  are  subjected  to  the  Lorentz  force. 
This  causes  the  electrons  to  build  up  on  one  side  of  the  sample  which  creates  a  voltage  drop 
across  the  sample.  The  value  of  this  potential  difference  can  be  calculated  from  the  Lorentz 
force  given  by  equation  3.1  [31] 

F  =  qE  +  g(v  xB)  ,  (3.1) 

where  q  is  the  charge,  E  is  the  electric  field,  v  is  the  charged  particle  velocity,  and  B  is  the 
magnetic  field.  When  the  electrons  reach  an  equilibrium  state,  there  is  no  force  acting  in  the  y- 
direction  and  this  equation  can  be  reduced  to 

Fy  =  qEy  —  qvxBz  =  0 .  (3.2) 


Rewriting  this  equation  to  include  the  current  density,  Jx=nqvx,  yields 

Ev=^,  (3.3) 

nq 

where  n  is  the  carrier  concentration.  After  multiplying  both  sides  of  equation  3.3  by  the  sample 
thickness,  the  more  familiar  Hall  voltage  is  given  to  be 

VH= (3.4) 
nsq 


where  ns  is  the  sheet  carrier  concentration.  Once  the  Hall  voltage  is  measured,  the  sheet  carrier 
concentration  can  easily  be  calculated  using  equation  3.4.  The  conductivity  of  the  material  is 
given  by  the  ratio  of 


J 

=  -F-  =  n, 
E 


q/u • 


(3.5) 


By  inverting  the  material’s  measured  resistivity,  the  ratio  of  current  density  to  electric  field  is 
known.  Since  the  sheet  carrier  concentration  is  already  known,  equation  3.5  can  be  solved  for 
the  Hall  mobility. 
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Experimental  Setup  for  Electrical  Characterization 

Hall  effect  measurements  were  taken  using  a  Lake  Shore  Hall  Effect  Measurement 
system,  diagramed  in  Fig.  5.  Hall  measurements  were  taken  on  one  sample  of  InxGai_xSb  and 
one  of  InxGai_xAs  with  indium  mole  fractions  of  0.15  and  0.80,  respectively.  The  samples  were 
of  arbitrary  shapes  with  minimum  length  of  approximately  10  mm  and  width  of  approximately 
12  mm.  Each  sample  had  a  thickness  of  0.6  mm.  The  Ino.80Gao.20As  sample  had  measurements 
taken  only  at  room  temperature  and  77  K,  while  the  Ino.15Gao.85Sb  sample  had  measurements 
taken  throughout  the  range  of  10  to  300  K.  In  each  case,  the  magnetic  field  was  varied  between  - 
5  kG  and  5  kG.  The  current  for  the  Ino.80Gao.20As  sample  was  set  at  100  mA  for  each 
temperature.  The  current  setting  for  the  entire  temperature  range  of  the  Ino.15Gao.85Sb  was  1  mA. 
The  samples  were  prepared  by  placing  small  indium  contacts  at  the  edge  of  each  sample.  Ohmic 
contacts  are  required  in  order  to  ensure  accurate  calculations  of  Hall  effect  measurements.  Fig.  6 
shows  an  example  of  contact  placement  on  the  Ino.15Gao.85Sb  sample.  Contact  locations  were 
placed  at  the  edge  of  the  sample  while  ensuring  there  was  material  present  across  the  entire 
straight  line  path  between  all  contact  points  in  order  to  prevent  defects,  cracks,  and  voids  from 
distorting  the  data.  A  similar  strategy  was  employed  when  applying  indium  contacts  to  the 
Ino.80Gao.20As  sample. 
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Figure  5.  A  diagram  of  the  Lake  Shore  Hall  Effect  Measurement  system.  [321 


Figure  6.  Indium  contact  locations  of  the  In0 15Ga0.85Sb  sample. 
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Theory  on  Optical  Measurements 


Photoluminescence  measurements  are  used  to  determine  the  luminescence  spectrum  of  a 
given  material.  Luminescence  refers  to  a  material’s  ability  to  absorb  energy  and  then  emit  the 
energy  at  various  wavelengths,  which  can  be  equal  to  the  material’s  band  gap  energy  as  well  as 
wavelengths  attributed  to  other  transitions  discussed  later  in  this  section.  Photoluminescence 
initiates  this  sequence  by  striking  the  material  with  photons  using  a  laser  beam.  The  photons  are 
absorbed  by  the  material  and  cause  electrons  in  the  valence  band  to  move  up  into  the  conduction 
band  through  absorption.  This  creates  an  electron-hole  pair.  When  the  process  reverses,  the 
electron-hole  pair  releases  its  excess  energy  during  the  recombination  process  and  in  doing  so  it 
emits  energy  in  both  radiative  and  nonradiative  recombination.  The  nonradiative  energy  is 
released  as  phonons  and  scatters  as  heat.  The  radiative  energy  is  released  as  photons.  When 
photoluminescence  measurements  are  taken,  the  wavelengths  of  the  emitted  photons  are 
observed  and  can  be  converted  to  energy  values  using 

sg  =  h  co  (3.6) 

where  h  is  the  reduced  Planck’s  constant,  1.055  x  10"34  Joules-seconds  and  co  is  the  angular 
frequency.  In  terms  of  wavelength,  this  equation  becomes 

2n  he 


E  = 


A 


(3.7) 


o 

where  c  is  the  speed  of  light,  2.998  x  10  m/s,  and  X  is  the  wavelength.  This  process  is  depicted 
in  Fig.  7.  Observing  the  transition  peaks  from  the  photoluminescence  spectra  gives  insight  into 
the  band  structure  of  the  material.  Common  radiative  transitions  that  take  place  in 
semiconductors  are  depicted  in  Fig.  8. 
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Incident  laser  beam  (photons) 


Reflected  laser  beam 


Figure  7.  Illustration  of  the  absorption  of  photons  supplied  by  laser  beam  and  emission  of  radiated  photons 
by  a  semiconductor  material. 


(a)  0>)  (c)  (d)  (e)  (f) 


Figure  8.  A  two  dimensional  illustration  of  common  radiative  transitions  that  take  place  in  semiconductors. 
Transitions  shown  are  the  band-to-band  transition  (a),  free  exciton  transition  (b),  the  neutral  donor  free  hole 
recombination  (c),  a  free  electron  transitioning  to  a  neutral  shallow  acceptor  (d),  the  donor  acceptor 
transitions  for  shallow  states  (e),  and  the  donor  acceptor  transitions  for  deep  states.  [33] 
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Experimental  Setup  for  Optical  Characterization 

The  optical  properties  of  the  material  were  investigated  with  photoluminescence 
measurements.  A  diagram  of  the  experiment  is  shown  in  Fig.  9.  It  should  be  noted  that  while 
the  preamplifier  and  12V  power  supply  for  bias  voltage  were  wired  into  the  setup,  the  power 
supply  was  not  operating  correctly  during  the  Ino.15Gao.85Sb  testing  and  as  a  result  the  voltage 
source  was  not  turned  on.  However,  the  power  supply  problem  was  corrected  before  beginning 
the  testing  on  the  Ino.80Gao.20As  sample.  The  laser  was  a  BeamLok  Argon  Ion  laser  emitting  at 
514.5  nm.  The  monocrometer  was  a  SPEX  750M  spectrometer  with  opening  and  exiting  slits  set 
at  3  mm  and  a  grating  with  600  grooves/mm  blazed  at  1 .7  pm.  Each  scan  was  taken  in  0.5  nm 
increments  in  wavelength  with  a  dwell  time  of  0.5  s  for  the  Ino.15Gao.85Sb  sample.  The 
Ino.80Gao.20As  sample  had  the  same  dwell  time,  but  the  scanning  rate  was  lowered  to  0.2  nm 
increments  in  wavelength.  The  time  constant  on  the  lock-in  amplifier  was  set  to  300  ms  during 
all  scans.  The  optical  chopper  frequency  was  approximately  163.5  Hz.  For  laser  power 
dependent  photoluminescence  measurements,  the  samples  were  subjected  to  multiple  laser 
powers  ranging  from  100  to  750  mW  at  a  fixed  sample  temperature.  For  the  temperature 
dependent  photoluminescence  measurements,  the  sample  temperatures  were  varied  from  10  to  75 
K.  The  measurements  were  also  repeated  at  various  locations  on  the  sample  to  investigate  the 
homogeneity  of  the  material,  as  illustrated  in  Fig.  10. 
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Figure  9.  Experimental  setup  for  photoluminescence  measurements. 


Figure  10.  Locations  on  the  (i)  In0.,5Gao.85Sb  and  (ii)  In0.8oGa0.2oAs  samples  where  photoluminescence  data 
was  obtained. 
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IV.  Results  and  Analyses 


Results  of  Electrical  Characterization  Data 

The  Ino.15Gao.85Sb  sample  provided  useful  information  about  the  resistivity,  mobility,  and 
conductivity  type.  The  results  of  Hall-effect/ sheet-resistivity  measurement  data  for  this  sample 
cannot  be  interpreted  straight  forwardly,  not  like  other  ordinary  simple  conductivity 
semiconductors.  Therefore,  the  interpretation  of  these  data  is  tentative  at  best.  Probably,  this 
sample  may  have  some  unique  characteristics  as  shown  in  the  results  of  Hall  measurements 
presented  here.  When  the  ohmicity  of  the  contacts  was  checked  either  from  current-voltage  (I- 
V)  curve  or  curve  tracer,  it  showed  decent  ohmic  behavior.  Fig.l  1  shows  the  resistivity  data 
obtained  in  this  study.  Fig.  12  shows  a  conductivity  plot  as  a  function  of  temperature  on  a  semi¬ 
log  scale,  and  the  conductivity  plot  of  Wooley  and  Gillett’s  study  on  InxGai_xSb  is  also  shown  in 
Fig.  13.  [24]  Our  data  seems  to  show  two  different  mechanisms  of  conductivities.  Equation  4.1 
shows  conductivity’s  dependence  on  carrier  concentrations  and  mobilities  in  a  semiconductor. 

(7  =  q{njue  +  pjuh)  (4.1) 

where  q  is  the  electron  charge,  n  is  the  electron  concentration,  pe  is  the  electron  mobility,  p  is  the 
hole  concentration,  and  gh  is  the  hole  mobility.  [1]  In  Fig.  12,  the  higher  temperature  region  with 
temperatures  greater  than  160  K  is  dominated  by  typical  thermally  ionized  free  carriers  from 
impurities,  which  is  why  the  conductivity  increases  rapidly  with  temperature.  The  conductivity 
of  the  center  section,  from  approximately  160  K  to  70  K,  is  decreasing.  This  is  probably  where 
the  mobility  becomes  dominant  over  the  carriers.  Within  this  region,  the  mobility  is  decreasing 
due  to  lattice  scattering.  Below  approximately  70  K,  the  conductivity  remains  about  the  same, 
which  is  probably  due  to  impurity  band  conduction.  Wooley  and  Gillett’s  study  on  Ino.24Gao.76Sb 
solid  ingots  provided  conductivity  results  that  seem  comparable  to  the  Ino.15Gao.85Sb  from  this 
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Figure  12.  Conductivity  as  a  function  of  inverse  temperature  for  lno.15Gao.85Sb  measured  with  100  mA  of 
current. 
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Figure  13.  Conductivy  as  a  function  of  inverse  temperature  taken  from  Woolley  and  Gillet’s  study  on  (a) 
lno.9oGao.ioSb,  (b)  lno.53Gao.47Sb,  (c)  lno.24Gao.75Sb,  and  (d)  lno.05Gao.94Sb.  [24] 

study.  However,  the  conductivity  mechanisms  of  the  two  samples  are  very  different.  Their 

results  are  due  to  typical  intrinsic  carrier  conduction  at  low  and  high  temperature  regions, 

respectively.  With  regards  to  mobility,  studies  on  InSb  and  GaSb  shown  in  figures  14  and  15, 

respectively,  show  that  the  mobility  tends  to  increase  as  the  temperature  rises  from  10  to  30  K 

due  to  impurity  screening  and  then  decrease  as  temperatures  rise  above  30  K  due  to  lattice 

scattering.  [34-35]  The  mobility  data  obtained  on  the  Ino.15Gao.85Sb  sample  shown  in  Fig.  16 

shows  very  different  behavior  than  the  mobility  data  shown  in  figures  14  and  15.  The  mobility 

values  are  nearly  constant  below  about  70  K,  decreasing  as  temperature  increases  up  to  160  K, 

and  then  start  to  increase  again  as  temperature  increases.  It  should  be  noted  that  the  mobility 

values  obtained  in  this  study  are  much  lower  than  the  expected  value  of  about  16,000  cirr/Vs  at 

room  temperature  for  n-type  Ino.15Gao.85Sb.  Goa  et  al.  noted  that  high  purity  material  yielded 
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higher  mobility  levels.  [17]  It  is  believe  that  this  sample  is  fairly  doped  and  showing  impurity 


band  conduction.  The  effective  mass  within  this  narrow  impurity  band  is  much  larger  than  in  the 
adjacent  carrier  band,  and  therefore,  the  mobility  value  is  very  low  at  lower  temperatures  up  to 
70  K  for  present 


Figure  14.  Hall  mobility  as  a  function  of  temperature  for  p-type  InSb  with  (1)  p0=8xl014,  (2)  p0=3.15xl018, 
and  (3)  p0=2.5xl019.  [34] 
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Figure  15.  Hall  mobility  as  a  function  of  temperature  data  for  several  GaSb  samples  grown  by  molecular 
beam  epitaxy  at  different  substrate  temperatures.  [35] 
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Figure  16.  Hall  mobility  as  a  function  of  temperature  from  lno.15Gao.85Sb  using  a  current  of  100  mA. 
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sample.  This  is  a  typical  characteristic  of  impurity  band  conduction.  Since  there  is  no  scattering 
during  the  tunneling  between  adjacent  impurities,  the  tunneling  is  essentially  temperature 
independent,  and  so  is  mobility  in  this  temperature  region.  The  impurity  conductivity  is  also 
almost  temperature  independent  as  shown  in  Fig.  12.  As  the  temperature  increases  above  70  K, 
the  mobilities  decrease  due  to  lattice  scattering.  At  above  1 60  K,  the  thermally  ionized  electrons 
into  the  conduction  band  dominates,  and  the  mobilities  start  to  increase  again  due  to  impurity 
screening.  Here  apparently  the  impurity  scattering  is  dominant  than  the  lattice  scattering. As 
mentioned  in  the  conductivity  discussion,  carrier  concentration  is  extremely  dependent  on 
temperature.  In  one  sample,  Lee  et  al.  found  that  the  carrier  concentration  for  InSb  increased 
from  5.8x10 16  cm'3  at77Kto2.5x1017  cm"3  at  300  K,  with  even  larger  increases  found  at 
different  growth  settings.  [36]  Fig.  17  shows  the  results  of  carrier  concentrations  as  a  function  of 
1000/T  (K"  )  for  the  Ino.15Gao.85Sb  sample.  The  carrier  concentration  values  ranged  from  2x10 
to  5x10  cm"  ,  and  this  sample  is  an  n-type  material.  As  can  be  seen  in  the  figure,  the  carrier 
concentration  changes  very  much  as  temperature  varies.  The  level  of  carriers  remains  relatively 
constant  in  the  temperature  range  from  20  to  50  K  except  for  an  unusually  high  carrier 
concentration  at  10  K  and  moderately  high  value  at  15  K.  The  concentration  decreases  up  to  90 
K,  increasing  up  to  160  K,  and  then  decreases  again  as  temperature  increases  up  to  300  K. 

The  intrinsic  carrier  concentration  was  calculated  by  equation  4.2  [31] 


.....  #  . 
where  nj  is  the  intrinsic  carrier  concentration,  mn  is  the  effective  mass  of  the  electrons,  mp  is  the 

effective  mass  of  the  holes,  k  is  Boltzmann’s  constant,  1.381x10"  J/K,  T  is  the  temperature,  h  is 

Planck’s  constant,  and  As  is  the  band  gap  energy.  Table  1  gives  the  values  for  the  effective 
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masses  and  the  band  gap  energy  for  this  material.  Table  2  shows  the  intrinsic  carrier 


concentration  from  10  to  300  K,  and  they  are  plotted  in  Fig.  18.  As  shown  in  the  plot  of  the 
intrinsic  carrier  concentration  versus  inverse  temperature,  the  intrinsic  carrier  contribution  for 
this  sample  up  to  300  K  is  negligible  compared  to  the  obtained  carrier  concentration.  Therefore, 
the  effects  of  the  intrinsic  carriers  are  excluded  for  the  temperature  dependent  carrier 
concentration  analysis. 


Table  1.  Effective  masses  and  band  gap  energy  of  Ino.15Gao.85Sb. 


Symbol 

Value 

* 

mn 

0.038me 

* 

mp 

0.400me 

As 

0.680  eV 

Table  2.  Intrinsic  carrier  concentrations  for  Ino.15Gao.85Sb  as  a  function  of  temperature. 
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30 
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40 

7.96xl0‘27 
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1.54xl08 

50 

4.08xl0-18 

200 

1.61xl09 

60 

2.75xl0‘12 

220 

1.12xl010 

70 

4.15xl0-8 
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5.67xl010 

80 

5.81xl0-5 

260 

2.26xlOn 

90 

1.66x10  2 

280 

7.48xlOn 

100 

1.55 

300 

2.12xl0"12 
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Figure  18.  Intrinsic  carrier  concentration  as  a  function  of  temperature  for  lno.15Gao.85Sb. 
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The  explanation  of  temperature  dependent  carrier  concentration  is  somewhat  complicated,  and  it 
cannot  be  fully  understood  at  present.  The  temperature  dependent  conductivity,  mobility,  and 
carrier  concentration  all  seem  to  lead  to  the  impurity  band  conduction  at  lower  temperatures.  For 
this  impurity  band  conduction  regime,  conduction  can  occur  either  by  tunneling  from  one 
impurity  to  the  nearest  neighboring  impurity  of  the  same  type  or  after  thermal  excitation  into  the 
adjacent  band  for  lesser  doped  material.  Competition  between  these  two  processes  is  dependent 
on  the  temperature.  At  lower  temperatures,  it  seems  that  the  impurity  band  contributes  to  the 
carrier  concentration,  and  above  about  90  K,  the  impurities  are  thermally  ionized  causing 
increase  in  carrier  concentrations.  However,  the  decrease  in  carrier  concentration  above  160  K  is 
not  well  understood  at  this  point.  Although  carrier  concentration  fluctuates  a  lot  with 
temperature,  the  conductivity  type  was  maintained  as  n-type  throughout  the  whole  temperature 
range  for  this  sample. 

In  the  case  of  the  Ino.80Gao.20As  sample,  the  Hall  effect  measurements  were  taken  only  at 
room  temperature  (275  K)  and  77K.  The  conductivities  obtained  were  22.83  and  21.19  ohm"1  cm' 
1  for  the  sample  temperatures  of  77  and  295  K,  respectively.  The  Hall  mobilities  obtained  were 
1.357x10  and  9.670x10  cm  /V-s  for  the  sample  temperatures  of  77  and  295  K,  respectively. 

The  carrier  concentrations  obtained  were  1.063x1016  and  1.341  xlO16  cm"3  for  the  sample 
temperatures  of  77  and  295  K,  respectively.  Since  the  temperature  dependent  Hall 
measurements  were  not  taken,  the  detailed  temperature  dependent  behavior  cannot  be  described 
at  present.  However,  the  carrier  concentration  values,  when  compared  to  Oliver  et  al.’s  study  on 
Ino.47Gao.53Sb,  almost  an  entire  order  of  magnitude  higher  at  room  temperature  and  an  even  larger 
increase  over  their  best  sample  at  77  K.  [14]  Unfortunately,  the  mobilities  of  the  sample  from 
this  study  were  lower  significantly  lower  than  the  mobilities  found  by  Oliver  et  al.  and  Lideikis 
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et  al.  [14,  10]  Using  Eq.  2.1,  Goldberg  and  Schmidt  would  have  predicted  the  mobilities  of 
In0.80Ga0.20As  to  be  2.58x104  cnr/V-s.  [26]  As  stated  previously,  impurities  in  a  material  will 
decrease  the  mobility. 


Results  of  Optical  Characterization  Data 

The  Ino.15Gao.85Sb  sample  that  was  used  in  photoluminescence  testing  yielded  consistent 
results.  Fig.  19  illustrates  a  simplified  version  of  how  the  intensities  of  photoluminescence  peaks 
evolve  as  temperature  changes.  Fig.  20  shows  photoluminescence  studies  made  on  InxGai_xSb 
by  Vankova  et  al.  [1]  It  should  be  noted  that  Vankova  et  al.  ’s  study  on  InxGai_xSb  produced  two 
distinct  peaks,  Pi  and  P2  (Fig.  20),  which  were  a  result  of  the  band-to-band  transistion  and  free 
electron-neutral  acceptor  recombination,  respectively.  [28] 


T,  >  T,  >  T, 

D-A  B-A 


Figure  19.  Schematic  illustration  of  the  evolution  of  band-acceptor  and  donor  acceptor  transitions  at  varying 
temperatures.  II] 
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Figure  20.  Vankova  et  aV s  photoluminescence  results  of  lnxGai_xSb  revealing  two  dominating  peaks,  Pi  and 
P2.  [28] 

Photoluminescence  data  for  Ino.15Gao.85Sb  was  taken  at  three  different  positions,  labeled 
A,  B,  and  C.  Data  from  location  A  will  be  discussed  first.  With  the  temperature  at 
approximately  12  K,  laser  power  dependent  data  was  obtained,  and  the  results  are  shown  in  Fig. 
21.  It  was  found  that  there  are  two  clear  peaks  and  one  shoulder  peak  located  at  673,  649,  and 
628  meV,  respectively.  They  are  attributed  to  exciton  bound  to  neutral  acceptor,  donor-shallow 
acceptor,  and  donor-deep  acceptor,  respectively.  As  the  laser  power  was  increased  from  50  mW 
to  300  mW,  the  intensity  of  the  luminescence  also  increased,  as  expected.  However,  above  300 
mW  the  intensity  began  to  drop.  This  is  probably  due  to  localized  heating  from  the  laser  beam. 
The  relative  intensity  of  the  two  peaks  also  changes  with  changing  laser  power.  At  low  powers, 
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the  peak  at  673  meV  dominates.  As  the  power  increases  above  300  mW,  the  peak  at  649  meV 
eventually  becomes  the  peak  with  the  highest  intensity.  The  shoulder  at  628  meV  is  barely 
observable  at  the  lower  powers,  but  at  or  above  300  mW,  it  is  clearly  distinguishable.  It  is 
possible  that  this  peak  may  have  been  due  to  longitudinal  optical  (LO)  phonon  replica,  but  it’s 
energy  difference  is  only  21  meV,  whereas  LO  phonon  replica  usually  takes  place  at  a  difference 
of  approximately  29  meV. 

The  temperature  dependent  spectra  taken  at  two  laser  powers  of  240  and  475  mW  are 
shown  in  figures  22  and  23.  The  spectral  intensity  taken  at  both  12  and  30  K  did  not  change 
much  at  all  for  the  lower  laser  power  of  240  mW,  whereas  the  photoluminescence  intensity  at  30 
K  for  the  475  mW  laser  power  decreased  considerably  from  that  at  12  K  due  to  additional  local 
laser  heating.  From  Fig.  22,  it  can  be  observed  that  the  peak  intensity  at  675  meV  decreases 
more  rapidly  compared  with  that  at  652  meV.  Therefore,  the  peak  at  675  meV  is  assigned  as 
exciton  bound  to  neutral  acceptor  because  this  bound  exciton  dissociates  much  quicker  than  the 
donor-acceptor  peak.  Also,  it  can  be  observed  that  the  photoluminescence  spectrum  intensities 
for  a  laser  power  of  475  mW  decreases  more  rapidly  as  temperature  increases  compared  to  those 
for  240  mW  laser  power.  It  should  be  noted  that  the  spectra  obtained  at  higher  laser  powers 
during  this  study  might  be  influenced  by  localized  heating  to  some  extent  due  to  the  high  laser 
power.  This  can  be  noticed  more  clearly  by  comparing  temperature  dependent  and  laser  power 
dependent  spectra  shown  in  figures  21-23.  That  is,  the  spectral  intensity  and  shape  observed  at 
12  K  with  570  mW  shown  in  Fig.  21  is  very  similar  to  those  observed  at  50  K  with  240  mW  and 
at  30  K  with  475  mW. 
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Intensity  (Arb.  Units) 
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Energy  (eV) 

Figure  21.  PL  data  for  ln0  ,i5Ga0.  85Sb  taken  at  12  K  on  location  A. 
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Energy  (eV) 

Figure  22.  PL  data  for  In0 15Ga0.85Sb  taken  on  location  A  using  a  laser  power  of  240  mW. 
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Intensity  (Arb.  Units) 


Wavelength  (jam) 
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Energy  (eV) 

Figure  23.  PL  data  for  Ino.15Gao.s5Sb  taken  on  location  A  using  a  laser  power  of  475  mW. 
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Figure  24  shows  the  photoluminescence  spectra  taken  at  13  K  with  different  laser  powers 
at  location  B.  A  new  clear  peak  at  701  meV  is  observed  at  this  position  as  shown  in  this  figure. 
However,  this  peak  is  attributed  to  a  laser  plasma  line  due  to  the  fact  that  it  does  not  change 
positions  with  varying  temperature  and  laser  power.  In  Fig.  24,  it  can  also  be  seen  that  the 
donor-shallow  acceptor  peak  intensity  at  651  meV  is  nearly  saturated  after  exciting  with  300  and 
475  mW,  and  its  intensity  decreases  after  increasing  the  laser  power  above  475  mW.  Fig.  25 
shows  photoluminescence  spectra  taken  at  a  laser  power  of  475  mW  as  a  function  of 
temperature.  The  exciton  bound  to  neutral  acceptor  peak  at  675  meV,  donor-shallow  acceptor 
peak  at  650  meV,  and  donor-deep  acceptor  peak  at  629  meV  are  observed  similar  to  Fig.  23. 

Fig.  26  displays  data  taken  at  location  C  on  the  Ino.15Gao.85Sb  sample  at  13  K  with 
varying  laser  power.  The  shoulder  peak  at  628  meV  that  was  present  at  locations  A  and  B  is  also 
present  at  location  C.  It  has  been  observed  that  there  are  double  peaks  centered  at  654  meV. 

The  origins  or  reasons  are  not  understood  at  present.  Fig.  27  shows  the  temperature  dependent 
data  taken  on  location  C  with  the  laser  power  set  at  475  mW. 

Figures  28  and  29  show  how  the  spectra  for  each  location  changes  at  the  sample 
temperatures  of  12  and  30  K.  All  three  peak  positions  are  observed  at  the  same  photon  energy 
for  the  data  taken  at  12  K,  but  the  bound  exciton  peaks  observed  at  30  K  from  locations  B  and  C 
shifted  to  a  slightly  higher  energy  compared  to  that  from  location  A.  Also  the 
photoluminescence  intensity  at  location  B  is  in  general  much  stronger  compared  with  that  at 
location  A  or  C.  Other  than  those  differences  indicated,  the  photoluminescence  observed  from 
the  three  locations  indicate  that  the  crystal  quality  and  indium  composition  of  the  whole  sample 
is  fairly  uniform. 
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Figure  25.  PL  data  for  In0  .i5Ga0i  85Sb  taken  on  location  B  using  a  laser  power  of  475  mW. 
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Figure  26.  PL  data  for  Ino.15Gao.s5Sb  taken  at  12  K  on  location  C. 
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Figure  27.  PL  data  for  Ino.15Gao.s5Sb  taken  on  location  C  using  a  laser  power  of  475  mW. 
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Figure  28.  PL  data  for  In0  .i5Ga0i  85Sb  taken  on  locations  A,  B,  and  C  at  12  K  with  the  laser  power  set  to  475 
mW. 
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Figure  29.  PL  data  for  In0  .i5Ga0.  85Sb  taken  on  locations  A,  B,  and  C  at  30  K  with  the  laser  power  set  to  475 
mW. 
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One  phenomenon  that  occurs  in  semiconductor  materials  is  a  “blue  shift”  in  band  gap  peak  as  the 


sample  temperature  decreases.  This  can  be  seen  in  Vankova  et  al.  ’s  data  for  Ino.o25Gao.975Sb  and 
Ino.oi5Gao.985Sb  samples  as  shown  in  Fig.  30.  The  shift  to  a  higher  band  gap  energy  can  be 
explained  by  multiple  effects,  including  an  increase  in  the  interatomic  spacing  due  to  the  thermal 
energy  increasing  in  the  material.  The  electronic  bands  are  formed  by  overlapping  of  the  wave 
functions  and  when  the  interatomic  spacing  is  altered,  the  wave  function  overlapping  is  also 
changed.  Equation  4.2,  known  as  the  Varshni  relation,  gives  an  approximation  of  the 
temperature  dependence  of  the  energy  band  gap  for  a  given  material  [37] 


(4.2) 


In  Equation  4.2,  a  and  (3  are  material  specific  constants.  In  general,  a  is  near  0.5  and  |3  is 
approximately  the  Debye  temperature,  which  is  the  highest  temperature  that  can  be  achieved 
through  a  single  nonnal  vibration  from  a  phonon.  [37]  The  luminescence  spectra  obtained  from 
the  current  Ino.15Gao.85Sb  sample  do  not  clearly  show  the  effect  of  this  shift  in  energy  band  gap  as 
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Figure  30.  Temperature  dependent  data  showing  shift  in  band  gap  energy  peaks  as  temperature  increases. 
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temperature  increases.  The  shift  would  more  than  likely  be  detected  with  further  increase  in 
temperature.  However,  before  seeing  the  band  gap  change  effect  in  photoluminescence  signal, 
the  luminescence  signal  became  too  weak  to  obtain  a  strong  enough  signal  to  noise  ratio  as  the 
temperature  reached  approximately  75  K. 

In0.8oGa0.2oAs  was  also  subject  to  photoluminescence  testing.  Fig.  31  shows  the 
photoluminescence  spectra  taken  at  10  K  as  a  function  of  laser  power  from  location  A.  It  shows 
a  single  broad  peak  at  572  meV,  which  is  believed  to  be  a  band-to-band  transition.  Some 
evidence  of  band  filling  appears  on  the  high  energy  side  of  the  peak  at  572  meV.  As  with  the 
Ino.15Gao.85Sb  sample,  there  are  localized  heating  effects  at  higher  laser  powers  that  will  skew  the 
data  slightly  as  shown  in  Fig.  31.  In  this  figure,  there  is  a  shoulder  peak  that  is  present  at 
approximately  550  meV,  which  is  attributed  to  the  donor-acceptor  transition  that  occurs  at  an 
energy  22  meV  below  the  gand  gap  energy.  This  shoulder  is  quenched  by  the  time  the  laser 
power  is  increased  to  400  mW.  The  peak  at  604  meV  is  due  to  a  laser  plasma  line. 

Figures  32  and  33  show  the  photoluminescence  spectra  taken  as  a  function  of  temperature  at  300 
mW  of  laser  power  from  locations  B  and  C,  respectively.  In  all  cases,  the  blue  shift  can  be 
observed  as  the  temperature  decreases.  The  shift  is  approximately  30  meV  with  a  decrease  in 
temperature  of  approximately  120  K  (0.25  meV/K).  The  shoulder  is  barely  observable  at 
location  B  taken  at  12  K,  as  shown  in  Fig.  32.  For  this  sample,  the  band  to  band  peaks  appear  at 
562,  548,  and  534  meV  for  the  locations  of  A,  B,  and  C,  respectively,  for  the  data  taken  at  10  K 
with  300  mW.  Certainly,  the  photo  luminescence  peak  position  shows  location  dependence  and 
this  might  indicate  that  the  indium  molar  fraction  may  be  slightly  different  throughout  the 
sample. 
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Figure  31.  PL  data  for  ln0.8oGa0.2oAs  taken  at  10  K  on  location  A. 
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Figure  32.  PL  data  for  In0.8oGa0.2oAs  taken  on  location  B  using  a  laser  power  of  300  mW. 
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Figure  33.  PL  data  for  In0>80Ga0>20As  taken  on  location  C  using  a  laser  power  of  300  mW. 
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Summary 

The  Ino.15Gao.85Sb  sample’s  electrical  characterization  data  shows  a  clear  trend  in 
temperature  dependence  of  carrier  concentration,  mobility,  and  conductivity.  It  produced 
valuable  photoluminescence  data  that  was  useful  in  evaluating  the  homogeneity  of  a  bulk  grown 
sample. 

The  Ino.80Gao.20As  sample  provided  consistent  Hall  effect  data  that  was  used  to  determine 
electrical  characteristics  of  the  material.  It  also  produced  constructive  photoluminescence  data, 
which  show  a  clear  shift  in  the  band  gap  energy  as  a  function  of  temperature. 
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V.  Conclusions  and  Recommendations 


The  results  of  photoluminescence  (PL)  study  for  the  Ino.15Gao.85Sb  sample  show  an 
exciton  bound  to  neutral  acceptor  (A°,X)  transition  at  675  meV,  a  donor- shallow  acceptor  pair 
(D-Ai)  transition  at  650  meV,  and  a  donor-deep  acceptor  pair  (D-A2)  transition  at  628  meV,  and 
they  provide  useful  data  in  verifying  the  band  gap  energy  of  the  material  and  estimating  acceptor 
and  donor  levels.  Assuming  a  binding  energy  of  the  (A°,X)  is  5  meV  would  yield  a  band  gap 
energy  of  680  meV,  which  is  consistent  with  the  result  of  670  meV  estimated  from  the 
transmission  measurements.  Typical  donor  energy  level  in  GaSb  is  around  3  meV,  and  thus  the 
shallow  acceptor  level  would  be  around  27  meV,  and  the  deep  acceptor  level  would  be  around  49 
meV.  The  Hall-effect  measurements  show  that  this  sample  is  n-type  material  with  a  room 
temperature  carrier  concentration  of  about  4x10  /cm  .  The  mobility  obtained  at  room 
temperature  is  about  300  cm  /V*s,  which  is  very  low  compared  with  the  typical  value  of  electron 
mobility  of  5000  cm  /V*s  for  GaSb  at  room  temperature.  While  the  current  bulk  grown  ternary 
alloy  material  may  not  be  great  yet  for  direct  use  in  next  generation  devices,  it  will  provide  a 
suitable  substrate  for  which  to  grow  epitaxial  layers. 

The  Ino.80Gao.20As  is  n-type  material  with  a  room  temperature  carrier  concentration  of 
1 .34x10  /cm  and  mobility  of  9,670  cm  /V*s.  This  mobility  is  much  lower  than  expected  when 
compared  with  the  typical  electron  mobility  for  InAs  of  33,000  cm  /V*s.  The  PL  results  of  this 
sample  shows  a  broad  band  to  band  peak  at  572  meV,  which  is  consistent  with  the  result  of  574 
meV  estimated  from  the  transmission  measurements.  The  band  to  band  photoluminescence  was 
observed  to  shift  peak  position,  indicating  a  slight  inhomogeneity  in  indium  mole  fraction. 
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Recommendations 


The  photoluminescence  experimental  setup  can  be  improved  by  using  a  faster  optical  lens 
following  the  sample  chamber.  A  lens  with  a  shorter  focal  length,  such  as  50  mm,  can  be  placed 
closer  to  the  sample  chamber  and  will  therefore  gather  more  of  the  emitted  photons  from  the 
material.  Also,  a  Fourier  transform  infrared  spectrometer  may  provide  better  data  due  to  its 
ability  to  detect  weak  signals. 

This  research  could  be  complimented  by  gathering  data  on  InxGai_xSb  and 
InxGai_xAs  samples  with  a  wider  range  of  indium  mole  fractions.  Collecting  the  mole  fraction 
dependent  data  can  be  modeled,  and  the  results  of  these  bulk  grown  materials  can  be  compared 
with  those  of  the  epitaxial  grown  materials.  In  addition,  a  5 14  nm  notch  filter  would  be 
beneficial  when  conducting  the  photoluminescence  measurements  to  remove  all  laser  plasma 
lines.  This  would  ensure  any  observed  peaks  are  not  a  result  of  the  plasma  lines.  Also,  the 
photoluminescence  measurements  would  benefit  from  placing  a  molybdenum  mounting  plate 
between  the  copper  cold  finger  and  the  sample  in  order  to  reduce  temperature  effects  experienced 
at  low  temperatures.  Electron  paramagnetic  resonance  spectroscopy  measurements  would  aid  in 
identifying  any  impurities  within  the  sample. 
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